Allogeneic stem cell transplantation is the standard approach to Philadelphia chromosome positive acute lymphoblastic leukemia. We hypothesized that imatinib plus sequential chemotherapy will result in significant leukemia cell cytoreduction in patients with Philadelphia chromosome positive acute lymphoblastic leukemia, allowing collection of normal hematopoietic stem cells uncontaminated by residual BCR/ABL1 + lymphoblasts and thus reduce the likelihood of relapse after autologous stem cell transplantation for patients under 60 years of age without sibling donors. We enrolled 58 patients; 19 underwent autologous and 15 underwent allogeneic stem cell transplantation on study. Imatinib plus sequential chemotherapy resulted in reverse-transcriptase polymerase chain reaction-negative stem cells in 9 patients and remained minimally positive in 4 (6 were not evaluable). Overall survival (median 6.0 years vs. not reached) and disease-free survival (median 3.5 vs. 4.1 years) were similar between those who underwent autologous and those who underwent allogeneic stem cell transplantation. We conclude that autologous stem cell transplantation represents a safe and effective alternative for allogeneic stem cell transplantation in Philadelphia chromosome positive acute lymphoblastic leukemia patients without sibling donors (clinicaltrials.gov identifier:00039377).
Introduction
Imatinib mesylate has significantly improved the response rate, and disease-free and overall survival (OS) for patients with Philadelphia chromosome-positive (Ph + ; BCR/ABL1 + ) acute lymphoblastic leukemia (ALL). Three studies have demonstrated a clear survival benefit for post-induction allogeneic (allo)-stem cell transplantation (SCT) over chemotherapy alone with imatinib. 1 The optimal treatment for patients who are not eligible for HLA-matched allo-SCT, however, remains controversial. In the Cancer and Leukemia Group B (CALGB) study 10001, patients under 60 years of age with matched sibling donors proceeded to an allo-SCT and those without matched sibling donors were offered autologous (auto)-SCT to test the hypothesis that imatinib and sequential chemotherapy will result in significant leukemia cell cytoreduction allowing collection of large numbers of normal hematopoietic stem cells uncontaminated by residual BCR/ABL1 + lymphoblasts and thus reduce the likelihood of relapse after auto-SCT using an intensive preparative regimen.
Methods

Patients
Patients were eligible if they were 15 years of age or over and under 60 years of age, had an unequivocal diagnosis of t (9;22) or BCR/ABL1 + ALL, had achieved either partial or complete remission (CR) following one course of induction chemotherapy with a 4-or 5-drug regimen, and had received imatinib for no more than six weeks before study enrollment (Online Supplementary Tables S1 and S2 ). All patients provided written informed consent. The study received Institutional Review Board approval from each participating institution. Between April 15 th 2002 and April 30 th 2010, 58 patients were enrolled; one was ineligible. Twenty-two patients were taken off study for alternative donor transplants or other reasons (see CONSORT diagram in the Online Supplementary Appendix). One patient was treated and followed without a transplant. The median OS of these 23 patients was 1.9 years. Disease-free survival (DFS) and OS of the whole cohort are shown in the Online Supplementary Figure S1A and B. The following analysis compares the outcomes of the 34 patients who underwent allo-(n=15) or auto-(n=19) SCT on this study.
Treatment protocol
Details of the treatment protocol are available in the Online Supplementary Appendix.
Karyotype
The diagnosis of Ph + ALL was based on the analysis of 20 or more metaphases in bone marrow specimens and confirmed by central karyotype review. 
Real-time polymerase chain reaction and mutation analysis
Real-time polymerase chain reaction (RT-PCR) was performed in a central CALGB laboratory as previously described. 3 Sequencing for ABL1 kinase domain mutation analyses was performed as previously described 4 with the following forward primer being used to amplify the p190 BCR/ABL1 transcript: 5'-ACCATCGTGGGCGTCCGCAAGA-3'.
Response criteria
Previously established criteria were used for definitions of hematologic CR, partial response (PR), OS and disease-free survival (DFS). 5 Complete response was defined as recovery of morphologically normal bone marrow and blood counts (i.e. neutrophils ≥1.5x10 9 /L and platelets >100x10 9 /L), and no circulating leukemic blasts or evidence of extramedullary leukemia, and persisting for at least one month. PR required all of the CR criteria except that the marrow may still contain 5-25% blasts. Diseasefree survival was measured from the date of CR until the date of relapse or death; patients alive and in CR were censored at last follow up. Overall survival was measured from the date of study entry until the date of death, and patients alive at last follow up were censored. Cumulative incidence of relapse was calculated from date of documented CR to ALL relapse (bone marrow or extramedullary) or death. Patients without relapse were uninformatively censored, whereas those who experienced treatmentrelated mortality were counted as a competing cause of failure. 6, 7 Major molecular response (MMR) and complete molecular response (CMR) were defined as previously described. 8 
Statistical methods
The study was designed to test the hypothesis that the median DFS for Ph + ALL would exceed one year 9 and to compare outcomes following auto-SCT and allo-SCT. The planned sample size was 60 patients. Given the total sample size of 34, the power to reject the hypothesis was 0.73. The type II error was 1-0.73=0.27. The Kaplan-Meier estimator and the log rank test were used for survival analyses. The inferential results are two-sided and have not been adjusted to account for multiple testing. All analyses were performed by the Alliance for Clinical Trials in Oncology Statistics and Data Center.
Results
Characteristics of the whole cohort by transplant type are described in Table 1 /kg. Peripheral blood stem cells were assayed from 13 patients by RT-PCR with a sensitivity of 1:105-106; 9 (64%) had no detectable BCR-ABL1 (CMR); 4 had minimally detectable BCR-ABL1 (MMR); 6 were not evaluable due to poor stem cell collection or because data concerning the initial transcript was not available. The RT-PCR status of the stem cell products had no effect on OS or DFS after auto-SCT ( Figure 1A and B) although this may be related to the small number of cases.
Treatment-related mortality (TRM; defined here as death before Day 100) associated with auto-SCT occurred in one (5%) of 19 patients, while TRM associated with allo-SCT occurred in 3 (20%) of 15 patients. There was no statistical difference in TRM between the two SCT modalities (P=0.3); again, this may be due to the small numbers in this study. The TRM following allo-SCT is within the range of TRM reported by other groups in this patient population undergoing a myeloablative preparatory regimen. [10] [11] [12] A total of 8 patients (3 post auto-SCT and 5 post allo-SCT) converted from MMR to CMR after SCT. The effect of minimal residual disease (MRD) on outcome following auto-SCT was studied. DFS and OS of patients who achieved at least an MMR (n=8) at Day +120 (only one achieved a CMR) was longer than those for patients who did not achieve an MMR at that time point (P=0.09 and P=0.026, respectively) (Figure 2A and B) . As far as allo-SCT is concerned, 7 of 10 patients who survived 120 days had CMR; 2 additional patients achieved MMR and one patient had residual MRD over 0.001. However, the sample size was too small to analyze the effect of MRD on outcome. Overall, these data suggest that patients who have MRD at levels lower than or equal to MMR following auto-SCT have prolonged survival. This may result from additional exposure to imatinib maintenance following auto-SCT.
Seven (47%) of the allo-SCT patients remain alive in CR and 8 (42%) of the auto-SCT patients remain alive in CR (see CONSORT Diagram in the Online Supplementary Appendix). The median survival of the living patients was 4.8 years. Ten of the transplanted patients have relapsed (8 following auto-SCT and 2 following allo-SCT). Relapses occurred at a median of 5.9 months following auto-SCT. There was no statistical difference in relapse rates between the two SCT modalities (P=0.1285). An ABL1 kinase mutation was detected in 7 (70%) of the 10 patients on whom samples were available at relapse (Online Supplementary Table S4 ).
Discussion
Our results with Ph + ALL demonstrate similar outcomes for auto-SCT and allo-SCT ( Figure 3A-C) . The difference between our results and those of Goldstone et al. 14 likely stem from the ability of imatinib to purge the marrow prior to stem cell collection, the intensity of the preparative regimen, and the ability to apply maintenance TKI therapy following auto-SCT. Our results are supported by several other publications [15] [16] [17] [18] [19] [20] demonstrating success of auto-SCT in Ph + ALL. The availability of more potent ABL1 kinase inhibitors offers the potential for even better outcomes. Interestingly, the LAL 1205 trial evaluated dasatinib combined with steroids for induction. 21 That study demonstrated an OS of 69% and DFS of 51% at 20 months, although 32 of the 53 (60%) patients underwent allo-SCT, auto-SCT or additional chemotherapy in first CR, suggesting that dasatinib and steroids alone may not be sufficient to achieve long-term DFS. This is further supported by the results from the recent publication of the trial combining dasatinib and hyper-CVAD; there was no plateau in the survival curve possibly because only a few patients underwent SCT. 22 The use of dasatinib for remission induction followed by allo-SCT or auto-SCT in Ph + ALL is currently being evaluated in the North American Leukemia Intergroup study CALGB 10701 (Alliance). The rationale to replace imatinib by dasatinib is based on its more potent activity, resistance to most mutations, and activity against Src kinases believed to play a role in Ph + ALL but not in chronic myeloid leukemia. 23 In summary, we demonstrate that auto-SCT represents a safe and effective alternative for allo-SCT in Ph + ALL patients without matched donors, although SCT from alternative donors was not tested in this study. 
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